36
regulatory motif patterns, which may predispose them to functional repurposing during evolution.
37
Moreover, we trace changes in the U1 and polyadenylation signal densities and distributions that 38 accompanied and likely drove the evolutionary activity switches. Overall, our work suggests rather 
57
are enriched for acetylation of lysine 27 at histone 3 (H3K27ac) when active 9, 10 .
59
Although the aforementioned features led to the distinction of promoters and enhancers as distinct 60 types, recent work challenged this view, unveiling similarities in their architecture and activity (reviewed
61
in refs [11] [12] [13] 
95
Although the gain and loss of regulatory elements is largely driven by the insertion and deletion of 96 genomic sequences, such as repetitive elements, many regions align to orthologous loci in other species
97
not showing the same functionality 26, 27 , raising the possibility that some of them might have experienced 98 changes in their activity during evolution -a process hereafter referred to as "functional repurposing"
99
(even if the detected events are not necessarily selectively preserved/of phenotypic relevance).
101
The occurrence of functional repurposing of regulatory elements has been proposed 12,25,28 , and suggestive
102
evidence for the existence of such events has been reported in mammals. We recently described an 
114
Regulatory element repurposing in primates and rodents
115
As only limited evidence of putative functional repurposing was available from previous studies, we first 116 sought to confirm its occurrence and study its prevalence in mammals. Towards this aim, we defined 117 genome-wide sets of putative enhancers in a mammalian reference species and investigated whether any 118 of these loci were orthologous to putative promoter regions from a closely related species (Fig. 1a) 
158
into two distinct categories based on their association to a species-specific (i.e., macaque-or rat-specific)
159
transcribed locus ("novel" P/E) or to a new (species-specific) 5' exon of a locus transcribed in both species
160
of the respective lineage pair ("extended" P/E) ( 
168
The detection of P/E elements in two closely related species could in principle result from the 169 independent evolution of distinct activities from an ancestral inactive region, rather than from a species-170 specific repurposing event of an ancestral regulatory region. We therefore investigated whether the 
180
regions and the putative enhancers tested in both species ( Supplementary Fig. 2 ), rat-and macaque-181 specific promoters were nonetheless more often orthologous to enhancers than to inactive loci with 182 matched sequence composition in their sister species ( Supplementary Fig. 3 ). These data corroborate the 183 hypothesis that P/E elements likely correspond to ancestral regulatory regions that experienced 184 evolutionary changes in their regulatory activity in the last 25-29 millions of years. In other words, our
185
analyses show that ancestral regulatory capacities of genomic sequences facilitated regulatory innovation 186 and suggest that the "de novo" origination of regulatory activity is rare.
188
Ancestral enhancers are the main source of functional repurposing
189
The retrieval of hundreds of lineage-specific P/E elements allowed us to investigate at a broad scale the 
201
To evaluate whether the bias in the directionality of the repurposing events could be explained by the 202 higher evolutionary turnover of enhancers compared to promoters 27 , we compared the rates of 203 repurposing and loss of activity for ancestral enhancers and promoters in both lineages (Methods,
204
Supplementary Fig. 4 ). In the primate lineage, we identified 2,256 ancestral enhancers and 1,370
205
ancestral promoters that lost their activity in macaque. In contrast, 25 ancestral enhancers and 3
206
ancestral promoters changed their activity in human or macaque (≈5-fold enrichment, Fisher's exact test,
207
P < 10 -2 ). These observations suggest that the higher rate of enhancer repurposing cannot be simply 208 explained by the higher turnover rate (i.e., reduced selective preservation) of these elements compared
209
to promoters. The lack of a statistically significant similar pattern in rodents (≈5-fold enrichment, Fisher's 210 exact test, P = 0.08; Supplementary Fig. 4 the peculiar change in activity of P/E elements, we therefore investigated whether their sequence 238 composition would be distinct relative to other regulatory regions. P/E elements in both human and 239 mouse (i.e., the species with P/E enhancer activity) have an overall lower GC and CpG content when 240 compared with CGI-associated promoters, in agreement with the general lack of association between CpG 241 islands and enhancers ( Fig. 3a-b, Supplementary Fig. 5a-b) . Surprisingly, we observed an overall higher GC 242 content in P/E elements compared to both non CGI-associated promoters and other enhancers across all 243 species (except for macaque enhancers), indicating that the sequence composition distinguishes P/E 244 elements from other regulatory sequences -regardless of their activity (Fig. 3a-b, Supplementary Fig. 5a-245 b). A similar trend was observed for the CpG frequency, with significantly higher content of this 9 dinucleotide in P/E elements compared to enhancers and to non-CGI promoters across species (except for 247 non-CGI promoters in human and mouse) (Fig. 3c-d, Supplementary Fig. 5c-d) , reinforcing the distinction 248 of this class of regulatory elements from other active loci.
250
Sequence compositional changes probably contributed to repurposing
251
Next we sought to trace whether compositional changes may underlie functional shifts of P/E elements.
252
Notably, the CpG content of regulatory elements has been proposed to influence their transcriptional 253 output 33,34 . CpG islands are usually associated to the promoter of broadly and highly expressed genes 1 ,
254
where they favour gene expression by creating a nucleosome-free environment 33,34 . We then asked
255
whether P/E elements with promoter activity were associated to higher GC-and CpG-contents compared
256
to their orthologous regions. To do so, we compared the difference in GC and CpG frequencies between 257 orthologous P/E elements with that observed between orthologous inactive regions (likely not subjected
258
to selective sequence constraint) to control for potential global differences in the sequence composition
259
of each species pair. We found that although rat P/E elements showed somewhat higher GC-content 260 compared to their orthologous sequences in mouse, the observed difference was not significantly 261 stronger than that of the control regions ( Supplementary Fig. 6 ), in agreement with the previously 262 reported higher genome-wide GC-content in rat 35 . By contrast, we noted that the total content of CpG 263 dinucleotides in rat P/E elements increased significantly compared to the control regions ( Fig. 3e-f) ,
264
indicating that the activity turnover of P/E loci is mirrored by a change of CpG frequency in this lineage. In
265
primates, the GC-content did not differ significantly between the orthologous P/E elements, whereas the 266 frequency of the CpG dinucleotides was significantly higher in macaque (i.e., for P/E elements with 267 promoter activity) compared to human (i.e., for P/E enhancers) ( Supplementary Fig. 7) . Notably, the small 268 enrichment in both GC and CpG content measured in macaque was statistically significant when 269 compared to the control regions ( Supplementary Fig. 7 ). This result reflects the slightly lower GC content (Fig. 4a) . In both macaque and rat, as expected, given the promoter function
285
of P/E elements (and association with stable transcripts) in these species, we observed a higher density of
286
U1 sites downstream of the TSS compared to the antisense orientation and a weak but significant 287 opposite trend for the PAS motifs (Fig. 4b, Supplementary Fig. 8 ). In human and mouse, where annotated
288
P/E elements have enhancer properties (and no stable transcription is detectable), we found no 289 difference in PAS distribution around each P/E element but noted a significantly higher density of U1 sites 290 downstream of the projected TSS (Fig. 4c, Supplementary Fig. 8 ). On the other hand, we found no significant 313 difference in U1 and PAS motif distributions around P/E elements in primates ( Supplementary Fig. 10 
365
involving more closely related species or different populations of the same species, will be necessary to
366
further explore the biased directionality of the repurposing process and uncover its mechanistic bases.
368
The sequence analysis of P/E elements revealed sequence features that distinguish these loci from other 369 regulatory loci, and it provided initial evidence for the potential mechanisms behind the repurposing 370 process. Notably, the high GC and CpG content could make P/E loci particularly prone to drive the 
387
region specifically in macaque and rat (i.e., the species used to assess P/E promoter activity), we found no 388 significant differences in PAS distribution between orthologous P/E elements, suggesting that, at least in 389 this context, variation in U1 site distribution could be sufficient drive to the repurposing process.
391
Finally, from an evolutionary perspective, this work sheds novel light on the process of the birth and 
399
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MATERIALS AND METHODS
400
RNA-seq data production and processing
401
We generated 78 single-end strand-specific RNA-seq libraries from brain, heart, kidney and liver samples 402 for 6 mammals (human, macaque, marmoset, mouse, rat and rabbit; Supplementary Table 5) 
413
Assembled transcripts from each organ were then merged using Cuffmerge 45 to define a unique set of 
418
ChIP-seq and DNase-seq data processing
419
The chromatin data used in our studies derive from different sources. DNase, H3K4me3, H3K4me1 and
420
H3K27ac data for mouse brain, heart, kidney and liver (core dataset) were obtained from the Mouse and 2" from http://fantom.gsc.riken.jp/5/datafiles/latest/extra/Enhancers/). These loci were subjected to 445 the same filtering process described above, and then included in the final list of putative enhancers.
447
To define the set of random inactive regions, we sampled from the human and mouse genome 1.5 million 
453
Definition of orthologous regulatory and random inactive loci and detection of turnover events
454
Coordinates of all regulatory and random regions from human and mouse were converted on the 455 macaque and rat genome, respectively, using LiftOver 49 (with -minMatch=0.6) to define their orthologous 456 loci. A two-way liftOver conversion (species A -> species B -> species A) was adopted to avoid errors in the 457 orthology definition that may result from genomic duplication events. We defined as P/E elements all 458 human and mouse enhancers whose orthologous loci in macaque and rat, respectively, overlapped the 459 500 nt upstream of the TSS of a stable transcript. As a control, we identified all random inactive regions in 460 human and mouse whose orthologous sites in their sister species overlapped the 500 nt upstream of the
461
TSS of a stable transcript, and then compared the frequency of these loci with the frequency of P/E 462 elements in each core sample with a Chi-squared test. P/E elements were analysed separately whether 463 the associated transcript in macaque or rat corresponded to a new isoform of a transcribed locus present 464 in the sister species (extended P/E element) or to a newly transcribed locus (novel P/E element 
482
ChIP-seq analysis of P/E elements
483
To further support the promoter functionality of P/E promoters in rat and macaque, we compared their
484
H3K4me3 and H3K27ac profiles to those of other regulatory elements using liver ChIP-seq data obtained
485
from Villar et al. 27 . In both species, the enhancer set corresponded to the putative enhancers projected 486 from their sister species, whereas promoters were defined as previously described (see "Definition of 487 regulatory and random inactive regions"). Finally, we compared the average H3K4me3 and H3K27ac
488
coverage, normalized using the average input coverage, between all classes of regulatory elements with a
489
Mann-Whitney U test.
491
Polarization of turnover events
492
To define the directionality of the turnover events, we evaluated the presence of putative promoters or 493 enhancers in regions syntenic to P/E elements active in liver in marmoset and rabbit. In marmoset and 494 rabbit, enhancers corresponded to H3K27ac peaks not overlapping any H3K4me3 peak or the 1000 nt
495
upstream and the exons of any (stable or unstable) assembled transcript; promoters were defined as the 496 described before. Macaque and rat liver P/E element coordinates were converted in their outgroup 497 species genome using LiftOver (with -minMatch=0.4), and we then evaluated the overlap between the 498 converted coordinates and the annotated regulatory regions.
To estimate the rate of regulatory element loss, we identified the orthologous loci of liver promoters and 500 enhancers from human and mouse in the corresponding outgroup species (marmoset and rabbit, 501 respectively), and kept only those loci that showed the same activity in the two species. Specifically,
502
ancestral promoters had to be associated (e.g. overlap the 500 nt upstream of the TSS) to a stable liver 503 transcript; ancestral enhancers had to overlap an H3K27ac peak and not be associated to a promoter or 504 an H3K4me3 peak. These loci were then aligned on the macaque/rat genome, and the loss of activity in 505 these species was defined by the lack of stable transcription or H3K27ac peaks for ancestral promoters or 506 enhancers, respectively.
508
To estimate the fraction of ancestral promoters corresponding to P/E elements, we further calculated the 509 overlap of primate and rodent P/E elements coordinates converted in marmoset and rabbit, respectively,
510
with the putative promoter of any stable transcript (from any organ).
512
Sequence composition of regulatory elements
513
We extracted and compared the GC content [using the nuc tool from BEDTools 53 ] and CpG dinucleotides 514 frequency of different classes of regulatory elements in human and mouse using a Mann-Whitney U test.
515
The same features were compared between orthologous P/E elements in both lineages with a Wilcoxon 516 signed rank test. Finally, we estimated whether the magnitude of the evolutionary change in GC content
517
or CpG frequency at P/E regions was higher than that measured at random regions (defined above) to
518
control for global skews in sequence composition. This was done by resampling 10000 times from the set 519 of random regions the same number of P/E elements, and then comparing the mean GC and CpG 520 difference in P/E elements with the distribution of differences from the resampled set.
522
U1/PAS motif composition of regulatory elements
523
We determined the genome-wide location of U1 and PAS sites with the scanMotifGenomeWide tool from
524
HOMER 54 (version 4.7). To compare the distribution of the U1 and PAS motifs around P/E elements, we 525 considered the leftmost TSS of all P/E associated transcripts in macaque and rat and projected their 526 location in the corresponding sister species using BLAT 55 . We considered only novel P/E elements, given 527 that U1/PAS motifs from downstream transcripts in extended P/E loci might have conflated the U1/PAS 528 signal in mouse and human. We compared the density of U1 and PAS motifs over 1 kb up-and 529 downstream of the P/E-associated TSS in each species using a Wilcoxon signed-rank test. The same
530
approach was used to compare the density of these motifs between sister species. The proximity of the 531 closest U1 or PAS site up-or downstream of the P/E-associated TSSs was calculated using closestBed from 
